In this work, the optical metamaterials based on silver dendritic cells are prepared by electrochemical deposition, and its transmission and focusing behaviors are investigated. The experimental results show that the optical metamaterials reveal a multiple pass-band transmission spectrum and a prominent focusing effect at the wavelength corresponding to the maximum transmission coefficient. Two optical metamaterial samples are combined into a tapered optical waveguide, and the spectra of transmitted light at the surface of the tapered optical waveguide is measured by using the fiber spectrometer along the light propagation direction. The results demonstrate that each frequency component of the wave packet is stopped at a different waveguide thickness, leading to the spatial separation of its spectrum. The spatial separation of spectrum can be effectively tuned by adjusting the inclination of the tapered optical waveguide, which can be used for storing photons and slow-light research. metamaterial, silver dendritic structure, tapered optical waveguide, spatial separation of spectrum
A metamaterial is an artificially structured material which possesses exotic properties compared with the normal material in nature. In 1968, Veselago [1] investigated theoretically the electromagnetic properties of substances with simultaneously negative permittivity ε and negative permeability μ, which are also called left-handed metamaterials (LHMs). Since Shelby et al. [2] assembled the array of split resonator rings (SRRs) and metallic wires and firstly realized LHMs at microwave frequencies in 2001, the researches on LHMs have attracted a lot of interest. LHMs have plenty of peculiar electromagnetic properties, such as negative refractive index [3] , inverse Cherenkov radiation [4] and perfect lens [5] . So far, LHMs have been achieved at microwave, THz, infrared and visible frequencies [6−11] . However, restricted by the model of periodically structured LHMs, the fabrication of LHMs at optical frequencies using the electron-beam lithography or focused ion-beam techniques was difficult. The top-down approach often needs *Corresponding author (email: xpzhao@nwpu.edu.cn) expensive equipments and involves complicated processes. Moreover, the effective area of the prepared sample is only of the micron-square scale, which greatly restricts the research and application on LHMs at visible frequencies. In previous studies, our group designed a dendritic structure which could provide a negative refractive index [12, 13] and studied the electromagnetic properties of LHMs with defects, demonstrating that the optical metamaterials composed of random dendritic cells possess a multi-band resonance and negative refractive index [14−16] . Based on the model of random dendritic cells structured LHMs, our group proposed a bottom-up approach of electrochemical deposition to fabricate LHMs. In 2008, Liu et al. [17] prepared LHMs at infrared frequencies. For the electrochemical deposition method is simple, economical and highly effective, it can easily obtain nanometer metal structure by controlling experimental conditions, opening up a new way for researches and the application of optical metamaterials.
In 2007, Hess et al. [18] demonstrated theoretically that an axially varying heterostructure with a metamaterial core of negative refractive index can be used to efficiently and coherently bring light to a complete standstill. Each frequency component of the wave packet is stopped at a different guide thickness, leading to the spatial separation of its spectrum and the formation of a 'trapped rainbow' [18] . The 'trapped rainbow' method provides a new approach for slow-light research and photon storage [19, 20] . Restricted by the size of optical LHMs fabricated by the electron-beam lithography or focused ion-beam techniques, the 'trapped rainbow' effect cannot be experimentally realized. Based on previous study [21] , in this paper, the silver dendritic optical metamaterials are prepared using the electrochemical deposition, and the transmission and the focusing behaviors are investigated. The experimental results show that the optical metamaterial samples reveal a multiple pass-band transmission spectrum and a prominent focusing effect at the peak wavelength corresponding to the maximum transmission coefficient. Two silver dendritic optical metamaterials with the operation frequency range from 600 to 1750 nm are combined into a tapered optical waveguide, and the optical response is studied by measuring the spectra of transmitted light at the surface of the tapered optical waveguide along the light propagation direction. The results demonstrate that each frequency component of the wave packet is stopped at a different waveguide thickness, leading to the spatial separation of its spectrum. The spatial separation of spectrum can be effectively tuned by adjusting the inclination of the tapered waveguide, which can be used for storing photons and slow-light investigation, opening a way for the application of optoelectronic devices in "quantum information" processing, communication networks, and signal processing.
Preparation of silver dendritic metamaterials and investigation of its optical properties

The preparation of silver dendritic optical metamaterials
The silver dendritic cells are fabricated on two pieces of ITO glass (55 mm×9 mm) using the electrochemical deposition method. The optimum technical conditions are as follows: suitable mass fraction of silver nitrate solution is 8.35%; the anode and the cathode are flat silver plate (purity 99.9%) and ITO glass, respectively; the electrode gap is 0.625 mm. In order to obtain silver dendritic cells with different sizes and densities on ITO glasses, which could possess metamaterial behaviors at different frequencies, the deposition voltage is adjusted from 0.4 to 0.8 V, and the deposition time is adjusted from 80 s to 100 s. The effective area of fabricated metamaterial samples is about 30 mm×9 mm. Afterwards, a PVA film with a nanometer-scale thickness was prepared as a dielectric spacer on the silver dendritic cells on one of the two ITO glasses. Then, the two ITO glasses were tightly combined with the silver dendritic cells face to face to form an optical metamaterial. The preparation conditions of PVA solution are as follows: (1) pour 15 g PVA and 500 mL ultrapure water into a beaker; (2) stir and heat until boiling; (3) transfer the PVA aqueous solution to a 500 mL volumetric flask after the PVA is dissolved and add ultrapure water until 500 mL. Finally, the PVA aqueous solution (3 wt%) is prepared. Figure 1 shows the silver dendritic cells under different deposition voltages and times. The deposition voltages in (a), (b), (c) and (d) are 0.4, 0.6, 0.8, and 2.0 V, respectively, and the deposition times are 80, 90, 100 and 100 s, respectively. From Figure 1 we can see that the size of silver dendritic cells will be smaller and the density will be higher with higher deposition voltage and longer deposition time. 
Results and discussion of the optical properties
The transmission spectra of the metamaterial samples are measured by U-4100 spectrophotometer; the slab focusing experiments [22, 23] are performed using a monochromator, a fiber spectrometer and a micron motorized positioning systems. Figure 2 shows the transmission spectra of the samples in the wavelength range from 600 to 1750 nm. Curves a, b and c are the transmission spectra of ITO/PVA/ITO (I/P/I), ITO/silver dendritic structures/PVA/silver dendritic structures/ITO (I/d/P/d/I) and ITO/silver film structures/PVA/ silver film structures/ITO (I/f/P/f/I). By comparing curves a, b and c, we can see that only the transmission spectrum of the sample with silver dendritic structures reveals multiple pass-bands. Based on previous studies of our group, it is believed that the multiple pass-bands of the spectrum are the result of the different size of the silver dendritic cells. Similarly, the magnetic resonance frequency of the silver dendritic structure is closely related to its structural parameters for split ring resonators. The silver dendritic cells of a certain size cause a resonance at a certain frequency. In the tested region of the samples, the size of the dendritic unit cells is non-uniform, so it gives multiple resonances and reveals multiple transmission peaks. If the size of the unit cells is highly uniform, there will be only one transmission peak which appears at the resonance frequency. As reported previously, the dendritic unit cells of uniform size have been used and there was only one transmission peak.
The results of the slab focusing experiment are shown in Figure 3 . It could be found that the light intensity of transmission spectra of the dendritic sample increases by 32%, 22%, 21.6%, 51.4%, 20.85% and 62.2%, at the related wavelength of transmission peak of 645 nm, 708 nm, 788 nm, 1183 nm, 1404 nm and 1642 nm, respectively, and focusing positions get farther as the increasing of the wavelength. To further validate our results, another slab focusing experiment was performed for comparison by testing two kinds of samples, I/P/I and I/f/P/f/I, using the same apparatus (Figure 3(e) ). The experimental results revealed that when there are no dendritic structures (I/P/I), the light intensity is decreased slowly, as the curve l1 (λ=829 nm) and l2 (λ=829 nm) shown in Figure 3 (e). When there are silver film structures (I/f/P/f/I), light intensity decreases quickly, as shown in Figure 3 (e), curve l3 (λ=709 nm) and curve l4 (λ=800 nm). Both of these samples have no focusing behavior at all.
From the results of the slab focusing experiments as shown in Figure 3 , we can see that the sample composed of silver dendritic structures exhibits a prominent focusing behavior at the wavelength corresponding to the maximum transmission coefficient.
Fabrication and test of the tapered metamaterial optical waveguide
Fabrication of the tapered metamaterial optical waveguide
The tapered waveguide is composed of two optical metamaterial samples. To observe the trapped rainbow phenomenon, a white collimated light beam with diameter around 1 mm is incident from the ordinary waveguide and then coupled into the tapered waveguide. We measure the spectra of transmitted light from the upper surface of LHH along the light propagation direction using fiber spectrometer (USB2000, Ocean Optics, Inc), as shown in Figure 4. 
Testing results of the optical waveguide
The optical measurement of the waveguide was performed by using xenon lamp (XQ150) as light source, a monochromator (OMNI-300) for obtaining a desired frequency component of visible light, a fiber spectrometer (USB2000) as detector fixed on a 3D micro-positioner to adjust the distance between the sample and the detector at X direction and Y direction, an aperture and a collimating lens. Figure 5 shows the measurement results of the waveguide (wedge angle 3.8×10 −3 rad). The fiber probe is moved 10 mm with the step 200 µm during the measurement process, and the results are indicated in Figure 5 (a) and (b). The results demonstrate that the peak wavelength of spectra shows an obvious red shift and the spatial separation of the spectrum appears.
The shift in peak wavelength per unit length sample is 4.1 nm/mm as the fiber probe moves. Each frequency component of the wave packet is stopped at a different waveguide thickness, leading to the spatial separation of its spectrum. In order to obtain the relation between the shifts in peak wavelength per unit length sample and the wedge angle, a series of experiments were performed on the waveguides of different wedge angles. The shift in peak wavelength per unit length sample are 0, 3.8, 9.7, 12.2, 10.1, 7.2, 5.9, 2.0 and 0 nm/mm, respectively, when the wedge angles are 0, 0.2, 1.1, 1.5, 1.8, 2.7, 3.1, 4.7 and 9.6 milliradian, as shown in Figure 6 . In Figure 6 , we can see that there is no shift in the peak wavelength of the measured spectrum if the inclination of tapered waveguide is zero or exceeds a critical value (9.6 milliradian). The frequency components of wave packet separate at positions with different guide thicknesses only if the inclination of tapered LHH is greater than zero and smaller than the critical value. The spatial separation of spectrum can be effectively tuned by adjusting the inclination of tapered waveguide, which can be used for storing photons, slow-light research, quantum information processing, communication networks and signal processors.
Conclusions
In summary, a silver dendritic optical metamaterials are prepared using the electrochemical deposition method, and the transmission and focusing behaviors are investigated. The experimental results show that the samples reveal a multiple pass-bands transmission spectrum in the wavelength range from 600 to 1750 nm and a prominent focusing behavior at the wavelength corresponding to the maximum transmission coefficient. Two silver dendritic optical metamaterials are combined into a tapered optical waveguide, and the spectra of transmitted light at the surface of the tapered optical waveguide is measured by using the fiber spectrometer along the light propagation direction. The results demonstrate that if the wedge angle of tapered waveguide is greater than zero and smaller than the critical value, each frequency component of the wave packet is stopped at a different guide thickness, leading to the spatial separation of its spectrum. The maximum shift in peak wavelength is 12.2 nm/mm when the wedge angle is 1.5 milliradian.
